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Introduction
Current understanding of the fundamental mechanisms of chemical reactions has developed from a combination of experimental measurements that probe nascent reaction products and theoretical calculations of potential energy surfaces (PESs) and scattering dynamics.
1,2 For gas-phase and gas-surface reactions, for which isolated collisions can be examined, experimental methods are well established that can resolve disposal of energy into product translational, rotational, vibrational and electronic degrees of freedom, together with preferred directions of scatter. 1, 2, 3 In an increasing number of cases, direct comparisons can be made with computational predictions to probe ever more deeply the features of the PESs which govern how these reactions evolve.
Many reactions of biological and chemical importance occur in solution under
conditions of frequent collisions with the surrounding solvent molecules, yet much less is known about how the reaction dynamics change as a result of solvent interactions. 4, 5, 6 Detection of nascent reaction products in solution requires measurements to be made on an ultrafast (femto-or pico-second) timescale, before collisions with the solvent molecules relax any quantum-state specific signatures of product excitation. Spectral features are broadened by interactions with the solvent, and information available from gas-phase experiments, for isolated molecules that can undergo free rotational and translational motion, is lost. Thus, several previous studies of reactions in solution have focussed on rates of appearance of ground-state reaction products and the formation of complexes. 7, 8, 9, 10, 11, 12, 13 Nonetheless, well known and the anharmonicities of the vibrational modes enable the spectral signatures of vibrationally excited products to be resolved. 15, 16 In order to unravel the influence of the solvent on the reaction it is useful to compare our studies in solution with those of the well-characterized solvent-free dynamics of CN + RH reactions in the gas phase. 17, 18, 19, 20, 21, 22 These studies show that HCN is formed with substantial vibrational excitation in both the C−H stretch and bending modes. For the reactions of CN radicals with a range of small organic molecules (methane, ethane, propane, cyclopropane, isobutane, neopentane and chloroform), Jackson and co-workers reported that up to 2 quanta of C−H stretch are excited and a population inversion is observed between the v 3 =2 and v 3 =1 vibrational levels for all except the reactions with methane and cyclopropane. 19, 22 Complementary experiments led Macdonald and coworkers to conclude that almost every (>99%) HCN product of the reaction of CN with ethane is formed with the bending vibrational mode excited above its zero-point level. 18 However, excited levels of the C≡N stretching mode
were not observed to be significantly populated. 18, 23 The work presented here extends our investigations of the reactions of CN with cyclohexane in solution in dichloromethane (CH 2 
Experimental
Experiments were conducted using the ULTRA laser system at the Central Laser
Facility at the Rutherford Appleton Laboratory. The capabilities of the ULTRA instrument are described in detail elsewhere, 14, 24 therefore only details pertinent to the current study are reported here. A 65 MHz titanium:sapphire oscillator seeded a regenerative amplifier operating at 10 kHz repetition rate and configured to produce 40-80 fs duration pulses at wavelength of 800 nm. Third harmonic generation of the 800 nm output of the amplifier produced ~50 fs duration UV pump pulses at 266-nm for ICN photodissociation to generate CN radicals. Approximately 0.4 mJ of the fs, broadband output pulse train of the amplifier pumped an optical parametric amplifier (OPA), and difference frequency mixing of the signal and the idler components generated mid-IR probe pulses with ~500 cm -1 bandwidth and ~50 fs pulse duration at the output of the OPA. The UV pulses were polarized at magic angle to the IR probe laser polarization. In some solutions, the CN radicals may react not only with the cyclohexane or TMS solute, but also with the solvent to produce the probed product. The contribution of reaction with solvent to the signals was determined by measuring the time-dependent IR spectra of solutions comprised only of ICN and solvent following UV laser excitation under otherwise identical conditions, just prior to or after the measurements for solutions also containing the cyclohexane or TMS. Integrated band intensities for the former spectra were then subtracted from those for the latter spectra obtained at identical pump-probe time delays to remove the contribution of the reaction with the solvent. Additionally, analysis of the ICN/solvent sample spectra allowed the investigation of the dynamics of the reaction of CN radicals with the pure solvent.
In a small subset of experiments, transient IR spectra were recorded over nano-to micro-second time scales after initiation of the reaction. In these experiments, the 266 nm photolysis laser wavelength required to photolyse ICN was generated from the fourth harmonic output of a 10 kHz Nd:YVO 4 laser with nanosecond pulse duration and output power of 40 mW. Transient spectra were recorded using the same broadband ultrafast IR probe pulses described above, and the time delay between the photolysis and probe laser pulses was controlled electronically. All other aspects of the experiment remained the same.
A linear pixel to wavelength calibration of all IR absorption spectra was performed by measuring the absorption spectra of static samples such as 1,4-dioxane or cis-stilbene using the broadband IR laser pulses and the spectrometers and array detectors described above. The spectra were then placed on a wavenumber scale by direct conversion from wavelength. An IR spectrum of a static sample of each reaction mixture was also recorded using an FTIR spectrometer with 1 cm . In all cases the transient spectra were very similar in appearance to the spectra presented in figure 1 , and no significant differences were noted between reactions initiated by 255 and 266 nm UV pulses. The spectra show two main absorption features, centred at 3263 and 3160 cm -1 , which occur at the same wavenumbers as the bands observed in our previously reported IR pump-probe experiments, 14 and can be assigned to the fundamental (3 ଵ ) and hot band specifies the number of quanta of the three vibrational modes of HCN, the C≡N stretch (v 1 ), the bend (v 2 ) and the C−H stretch (v 3 ). The number of quanta of bending vibration is set to be either 0 or n (which takes the values of 1 and 2) and the number of quanta of C−H stretch is v 3 =0 or 1, consistent with the spectral assignments described above. Excitation of, and coupling to, the C≡N stretch were excluded in the model, as were other intramolecular couplings between vibrational modes which might allow, for example, relaxation of the C−H stretch into bending vibrations.
Reactions (1) To constrain the fits to the current data, we fixed the rate coefficients for the relaxation of one quantum of C−H stretch (k 6 and k 7 ) to the reciprocal of the time constant for HCN in the appropriate solvent. In all cases the fits to Models 1 and 2 capture the main trends in the time-dependence of all data, and any minor discrepancies between the fits and the data are likely to be a result of simplifying assumptions in our reaction mechanism (e.g., omission of intramolecular vibrational redistribution processes; restriction of vibrational relaxation to singlequantum steps) and the modelling of the population differences of the IR transitions. These reaction rate coefficients are a factor of ~4.5 (± 2.5) times larger than reported values for the gas-phase reactions at 298 K. 14 The feature at 2037 cm -1 is very close in wavenumber to the fundamental vibrational band of CN in the gas phase, 32 and we assign it to free CN radicals or, more likely, to CN radicals that are weakly complexed to the chlorinated solvent molecules. 11, 12 The band at 2065 cm -1 is assigned to the N−C stretch of INC, based on reported band frequencies from matrix isolation spectra. 32 We saw no evidence for the formation of ClCN, which would be expected to absorb at ~ 2215 In this regard, the behaviour of the 1 ଵ band is similar to that of the 3 ଵ band in the C−H stretching region. The behaviour of the upper state of the IR transition differs for the two features, however, with the most notable difference being the absence of (or, at most, only weakly evident) negative going signal in the 1 ଵ band at the earliest times (<200 ps). We take this observation as evidence that the HCN(100) level is not substantially populated by the reaction. In the kinetic model described in the previous section, we assumed that the C≡N stretching vibration of HCN is not excited above its zero-point level following H-atom abstraction by CN radical. To test this assumption further, the rate coefficients presented in Figure 3 , which result from the kinetic fits to the C−H region data, were used to simulate the kinetics of the 1 ଵ band using a model in which the HCN(100) level is unpopulated at all times. The results of such simulations, using the rate coefficients derived from kinetic models 1 and 2, are in reasonable agreement with the experimentally observed time-dependent band intensities, as shown in figure 5 (c).
The data shown in figure 5 are for reaction in solution in CHCl 3 , but very similar behaviour was observed in CDCl 3 . In solution in CDCl 3 , the relaxation time constants for C≡N and C−H stretching excitation were measured by IR-pump and IR-probe experiments to differ by a factor of ~two (122 ± 20 and 265 ± 20 ps respectively). is shown in figure 6 , and the combs above the spectra indicate expected band positions. In this region, the anharmonic coupling of the bending modes to C≡N stretching modes causes progressions of vibrational hot bands diagonal in the bending mode to extend to higher wavenumber. There is considerable overlap of spectral bands, but features can plausibly be assigned to the following transitions: 1 ଵ 2 (n≥0, with the n=0 feature dominating at later times), 1 ଵ 2 3 ଵ ଵ , 1 ଵ ଶ 2 , and perhaps also 1 ଶ ଷ 2 , As is evident in figure 7 , all the features in the spectrum except the bands assigned to the 1 ଵ and 1 ଵ 2 ଵ ଵ transitions (corresponding to detection of DCN (000) and (010) (000) and (010). The results of these fits are shown in figure 7 and Table 2 . We note, however, that this simplified fitting cannot account for the first 30 -40 ps of the integrated absorption signals, which exhibit induction periods that can include negative going features attributed to population inversions.
We have discussed a more complete treatment of such early time data elsewhere, 29 and argued that vibrational relaxation dynamics within the initial solvent cage, with the DCN in close proximity to the c-C 6 D 11 radical co-product, leads to a breakdown of linear response type behaviour. In this case, the model of the relaxation kinetics needs to be modified to incorporate diffusion out of the initial solvent cage into bulk solution, and must incorporate distinct relaxation behaviours in the two different microscopic environments.
3.3.b Spectra of DCN in the C− − − −D stretching region
The C−D stretching region also suffers from spectral congestion, as figure 8 shows.
Again, combs above the spectra indicate the expected positions for the fundamental As was the case for C≡N spectral region data, we observe the general trend that bands assigned to DCN with greater vibrational energy content -particularly those with a quantum of C−D stretch excitation -peak at earlier times than bands originating from lower energy vibrational levels. All the bands show short induction periods before the onset of growth, and this period is shorter for more highly vibrationally excited products. Both these observations are consistent with preferential formation of vibrationally excited DCN from the chemical reaction, and relaxation by loss of energy to the solvent being the main route to DCN(010) and DCN(000) molecules.
They also hint at formation of DCN formed in vibrational levels higher than (101).
The data plotted in figure 9 
Comparison of HCN and DCN results from CN radical reactions
Although the DCN and HCN data have much in common, with clear evidence for the nascent products being formed with significant amounts of vibrational excitation, there are some subtle differences. Most notably, the HCN data showed no strong evidence of C≡N stretching excitation, and we described the C≡N bond as a spectator to the CN + RH → HCN + R reactions. We could not observe bands indicative of 
Comparison to CN radical reactions in the gas phase
Jackson and co-workers 19, 22 and Macdonald and co-workers, 17, 18, 27 used IR chemiluminescence and IR diode laser absorption spectroscopy methods respectively to quantify the extent of vibrational excitation of HCN from reactions with small alkanes in the gas phase. Excitation of the C−H stretching and bending modes can be attributed, respectively, to an early transition state and a flat bending potential in its vicinity. 14, 36 These previous experimental studies did not, however, include the cyclohexane and TMS reaction partners studied in the current work, nor reactions to form DCN. The broad conclusions from the gas-phase studies are that the HCN products were formed with greater vibrational excitation of the bending and C−H stretching modes than we observe for reactions in solution. This may be a consequence of slightly lower reaction exothermicities for our chosen systems, 36 or may reflect a change in the energy surface governing chemical reaction in the presence of a solvent. In addition, solvent friction over the course of the reaction may remove excess energy from the internal motions of the reaction products. We reserve the details of an extensive computational study of the gas and condensed phase dynamics of CN radical reactions to another publication, in which we consider the effects of the solvent on the reaction energy landscape, location of the transition state, and nuclear dynamics. 36 The general conclusions, however, from computer simulations of the reaction of CN radicals with cyclohexane in CH 2 Cl 2 , are that the free energy profile for the reaction, and hence the chemical dynamics, are not significantly changed by the presence of the chlorinated solvent. 14, 36 This deduction relates in part to the choice of a weakly interacting solvent as the liquid medium in which to study the chemical reaction dynamics, but nevertheless leads to the conclusion that the dynamics are surprisingly gas-phase like at short times within the relatively dense and highly collisional environment of a liquid bath.
Conclusions
Experimental data for the dynamics of reactions of CN radicals with cyclohexane or 
